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Abstract 14 
The Sahara Slide Complex offshore Northwest Africa is a giant landslide with an estimated 15 
runout length of ~ 900 km. The source area of the slide complex shows two prominent headwalls. 16 
While the distal deposits of the Sahara Slide are well investigated, only sparse datasets are available 17 
from the headwall. We present newly acquired high-resolution multi-beam bathymetry, side-scan 18 
sonar, and sub-bottom profiler data to investigate the seafloor morphology, sediment dynamics and 19 
the timing of formation of the upper headwall of the Sahara Slide Complex. The data reveal a ~35 20 
km-wide upper headwall opening towards the northwest. Multiple slide scarps, glide planes, 21 
plateaus, lobes, slide blocks, and slide debris were identified at a water depth between 1800 m and 22 
2100 m. The slide scarps in the study area are formed by multiple failure events, which resulted in 23 
two types of mass movements; spreading and translational sliding. Three different glide planes (GP 24 
I, II and III) can be distinguished approximately 100 m, 50 m and 20 m below the paleo-seafloor. 25 
 2 
These glide planes are widespread and suggest failure along pronounced weak layers. A dated 26 
gravity core taken beneath the upper headwall suggest an age of only 2 ka for the failure, which is 27 
much younger than the main deposits on the lower reaches of the Sahara Slide Complex, dated at 28 
50-60 ka. The young age of the failure contradicts the postulate of a stable slope off NW Africa 29 
during times of relative stable sea-level high stands. This in turn requires a reassessment of the risk 30 
potential associated with submarine landslides along the continental margin offshore NW Africa and 31 
elsewhere. 32 
 33 
Keywords: Submarine landslide evolution; multiple slope failure; weak layers; slope instability; 34 
geohazards. 35 
 36 
1. Introduction 37 
 38 
Submarine landslides are a widespread phenomenon and have been documented in various 39 
geological settings, such as tectonically active margins, passive continental margins, volcanic 40 
islands, and lakes (Masson et al., 2006; Krastel et al., 2014; Lamarche et al., 2016). Submarine 41 
landslides transport large volumes of sediments down to abyssal areas, some of which present 42 
sufficient density and speed to pose important hazards to anthropogenic structures (Lo Iacono et al., 43 
2012). In some cases, submarine landslides have generated tsunamis that have caused widespread 44 
damage to coastal communities (Harbitz et al., 2014). In addition, turbidity currents generated by 45 
submarine landslides are considered as one of the most important near-seafloor geohazards, as they 46 
can potentially damage deep-water equipment and engineering infrastructure, such as pipelines and 47 
communication lines (Piper and Aksu, 1987; Masson et al., 2006; Talling et al., 2014). Hence, the 48 
recognition and investigation of submarine landslides at continental margins are important to: a) 49 
identify areas prone to slope instability on modern continental slopes, b) investigate possible 50 
triggers of slope instability, and c) identify global causes of submarine landsliding at a large scale, 51 
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such as eustatic, tectonic, and climatic events (Vanneste et al., 2014). Other factors, that have been 52 
proposed to trigger submarine landslides at a local scale include high sedimentation rates (Leynaud 53 
et al., 2007; Li et al., 2014), excess pore pressure (Berndt et al., 2012), gas hydrate dissociation 54 
(Sultan et al., 2004) and earthquakes (Sultan et al., 2004; Zhao et al., 2015). 55 
In the specific case of Northwest Africa, multiple large-scale submarine landslides occurred 56 
during the Quaternary along the continental slope (Krastel et al. 2012). The most prominent 57 
submarine landslides in the region include the Sahara Slide Complex (Gee et al., 1999; 58 
Georgiopoulou et al., 2010), the Mauritania Slide Complex (Antobreh and Krastel, 2007; Henrich et 59 
al. 2008; Förster et al. 2010), the Cap Blanc Slide (Krastel et al., 2006), and the Dakar Slide (Meyer 60 
et al., 2012). The Sahara Slide Complex is one of the largest known submarine slides in the world, 61 
and affected an area of 48,000 km
2
 on the northwest African slope (Embley et al., 1982; Fig. 1). 62 
During a period of rapid sea-level rise at ~50-60 ka, high primary productivity in surface waters off 63 
Northwest Africa resulted in the accumulation of thick fine-grained pelagic/hemipelagic sediment 64 
on the continental slope (Bertrand et al., 1996; Krastel et al., 2006). Multiple slide events were 65 
interpreted to have occurred retrogressively over ductile shaley intervals during this period 66 
(Georgiopoulou et al., 2007; 2009). As a result, the headwall of the Sahara Slide Complex is marked 67 
by the presence of two major scarps (named lower and upper headwall scarps), each up to 100 m 68 
high (Figs. 2a and 2b; Georgiopoulou et al., 2010; Krastel et al., 2012). It mobilised ~600 km
3
 of 69 
sediments along a distance of ~900 km (Georgiopoulou et al., 2010). The slide eroded and entrained 70 
a volcaniclastic layer when passing close to the Canary Islands, generating a two-phase debris flow, 71 
a lower volcaniclastic debris-flow phase and an upper pelagic debrites (Gee et al., 1999; 72 
Georgiopoulou et al, 2010). The long runout-distance of the flow is explained by retaining excess 73 
pore pressure in the lower volcaniclastic debris flow phase, which acts as a lubricating carpet for the 74 
overlying relatively impermeable pelagic debris flow phase (Gee et al., 1999; Georgiopoulou et al., 75 
2010).  76 
Most of the published geological information on the Sahara Slide Complex has been collected 77 
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in its distal depositional part (Gee et al., 1999; 2001; Georgiopoulou et al., 2009; 2010). However, 78 
limited attention has been paid to its headwall, mainly due to the lack of coverage of high-quality 79 
data on the upper continental slope off Northwest Africa. However, new data can potentially hold 80 
important information on the formation of slope failures associated with the Sahara Slide Complex. 81 
In this manuscript, we present a combination of new high-resolution multi-beam bathymetry data, 82 
side-scan sonar data, sub-bottom profiler data, and gravity cores from the upper headwall, to 83 
investigate slide morphology and dynamics. Specific objectives of the manuscript are: 84 
 85 
a) To present the first detailed morphological analysis of the upper headwall of the Sahara Slide 86 
Complex; 87 
b) To determine the distribution, relative timing and estimated volumes of the different slide 88 
events in order to reconstruct the evolution of the upper headwall; 89 
c) To analyse the different types of mass movements that occurred in the investigated area; 90 
d) To discuss the timing of slope failures; 91 
e) To assess the hazards related to the failure of the upper headwall. 92 
 93 
The study contributes to the wider discussion about the relative stability of continental margins 94 
during the present-day sea-level highstand, as suggested by some authors (e.g., Owen et al., 2007; 95 
Lee; 2009; Smith et al., 2013). In summary, we show how critical is to investigate both the landslide 96 
deposits and the failure area in order to reconstruct the full picture of individual submarine slide 97 
complexes. 98 
 99 
2. Geological setting 100 
 101 
The Northwest African continental margin is one of the best-studied passive margins in the 102 
world. On this margin, large earthquakes have rarely been recorded away from the Gulf of the 103 
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Cadiz (Seibold, 1982), but moderate earthquakes (5< M<6) are commonly related to the 104 
reactivation of old weakness zones created during the opening of the Atlantic Ocean (Hayes and 105 
Rabinowitz, 1975; Pereira and Alves, 2011). The width of the continental shelf in Northwest Africa 106 
is generally 40-60 km, reaching a maximum width of more than 100 km off the Western Saharan 107 
coast (Fig. 1). The shelf-break is at a water depth between 100 m and 200 m (Fig. 1; Wynn et al., 108 
2000). The continental slope is 1° to 6° steep, while the continental rise is less than 1° steep. The 109 
Northwest African continental margin has been affected by complex sediment transport processes 110 
since its inception (Wynn et al., 2000; Krastel et al., 2012).  111 
Most of the continental margin of Northwest Africa is now arid and records limited sediment 112 
supply by rivers, even during past glacial times (Weaver et al., 2000; Wynn et al., 2000). The 113 
margin is affected by a seasonal and permanent oceanic upwelling system (Lange et al., 1998). 114 
Upwelling and associated high organic productivity are concentrated along the outer shelf and 115 
upper slope regions, resulting in sedimentation rates of 5 cm/ka on average, increasing to 16.5 116 
cm/ka during the last glacial period (Bertrand et al., 1996; Weaver et al. 2000). Deep-water 117 
hemipelagic sedimentation in Northwest Africa typically consists of silts, muds, carbonate-rich 118 
marls and oozes (Weaver and Kuijpers, 1983). Wind-blown sediment transported from the Sahara 119 
Desert provided additional terrigenous sediment supply to the Northwest African continental margin 120 
(Holz et al., 2004; Henrich et al., 2008). 121 
 122 
3. Data and methods 123 
 124 
The dataset used in this study consists of deep-towed side-scan sonar, multi-beam bathymetry, 125 
sub-bottom profiler data (mounted on the side-scan sonar and a hull-mounted Parasound system) 126 
and gravity cores collected in the upper headwall of the Sahara Slide Complex (Fig. 2a).  127 
 128 
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3.1 Acoustic data 129 
 130 
The bulk of multi-beam bathymetric data were collected during Cruise MSM11/2 (Bickert and 131 
cruise participants, 2011) using a hull-mounted Kongsberg Simrad system EM120. The nominal 132 
sonar frequency is 12 kHz with an angular coverage sector of up to 150°. 191 beams were recorded 133 
for each ping. Side-scan sonar data were acquired during Cruise P395 using an EdgeTech DTS-1 134 
sonar (Krastel and cruise participants, 2011). This side-scan sonar system worked at an operating 135 
frequency centered at 75 kHz, providing a swath range per side of 750 m. The 75 kHz signal has a 136 
bandwidth of 7.5 kHz with a pulse length of 14 ms. Horizontal resolution after processing is 1 m, 137 
which enables the identification of various morphological and sedimentary features based on the 138 
variations in backscatter (Golbeck, 2010).  139 
Deep-towed sub-bottom profiler data were collected together with the side-scan sonar mosaic 140 
during cruise P395. The profiler operated with chirp based frequencies ranging from 2 kHz and 10 141 
kHz, for a 20 ms pulse length. These frequencies provide a penetration depth of up to 30 m and a 142 
vertical resolution of a few decimeters (Golbeck, 2010). Parasound profiles acquired during RV 143 
Meteor Cruise M58/1 and RV Maria S. Merian Cruise MSM11/2 complete the geophysical dataset 144 
utilised in this work. The Parasound system DS3 (Atlas Hydrographic) is a hull mounted parametric 145 
sub-bottom profiler with an opening angle of only 4°. The selected frequency was 4 kHz. 146 
 147 
3.2 Gravity cores and dating 148 
 149 
Gravity cores were collected in the upper headwall of the Sahara Slide by utilising a standard 150 
gravity corer equipped with a 5 m barrel. In total, 10 gravity cores were acquired in the upper 151 
headwall (Fig. 2a). A sample for precise dating was taken from gravity core P395-07-1 (24°27,36' N, 152 
17°08,18' W), collected at water depth of 2132 m (Figs. 2a). The sample was taken at 3 cm below 153 
the seafloor (bsf) that is the interval of the first hemipelagites that drape the debris deposits. This 154 
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undisturbed drape was not found in any other core where the debris deposits are found all the way 155 
to the top of the cores. Accelerated Mass Spectrometry (AMS) 
14
C-age dating on this sample was 156 
applied on monospecific samples of the planktonic foraminifera G. ruber (w). Analyses was carried 157 
out by the 
14
C-age Leibniz-Laboratory of Kiel University, Germany. Conventional 
14
C age were 158 
calculated according to Stuiver and Polach (1977) with a 13C correction for isotopic fractionation 159 
based on the 
13
C/
12
C ratio measured by the AMS-system, simultaneously with the 
14
C/
12
C ratio. The 160 
Calib 7.1 software, in combination with the Marine13 calibration curve, was used to calibrate the 161 
radiocarbon ages (Stuiver and Reimer, 1986; Reimer et al. 2013). A reservoir age of ±500 years was 162 
assumed for the calibration of the radiocarbon ages (Mangerud and Gulliksen, 1975). 163 
The accurate age determination of a landslide is affected by several uncertainties. To estimate 164 
the age of the Sahara Slide, we follow the dating estimation method in Urlaub et al. (2013). We 165 
consider the location of the sample for dating (distance to the top of the landslide) as the main 166 
uncertainty in our analyses, and we do not take into account the measurement error of the 
14
C AMS 167 
method. The sample in Core P395-07-1 was obtained very close (1 cm above) to the slide deposits, 168 
i.e. the hemipelagic background sediment deposited after the slide event. The age of the slide is 169 
calculated as the radiocarbon age of the sample + Dsf/SR, where Dsf is the distance from the sample 170 
location to the upper surface of the slide deposit, and SR is the sedimentation rate (Urlaub et al., 171 
2013).  172 
 173 
4. Results 174 
 175 
The failure area of the Sahara Slide Complex consists of two major headwalls, which we call 176 
lower and upper headwalls in the following sections. Each of the headwall scarps has heights of 177 
about 100 m (Fig. 2b). The upper headwall is found at a water depth of about 2000 m, while the 178 
lower headwall is located ~50 km further downslope in water depths close to ~2700 m. Here we 179 
only focus on the upper headwall, as only sparse data are available from the lower headwall. 180 
 8 
 181 
4.1 Morphology of the upper headwall  182 
 183 
The upper headwall of the Sahara Slide Complex has an average width of ~35 km and is U-184 
shaped, opening towards the northwest (Fig. 2a). Several morphological features, including slide 185 
scarps, glide planes, plateaus, slide lobes and slide blocks can be identified on the acoustic data 186 
(Figs. 2 to 5). In the following sub-sections, we will describe the morphology of the main seafloor 187 
features. 188 
 189 
4.1.1 Slide scarps and glide planes 190 
 191 
The bathymetry data show significant sediment evacuation from the Sahara Slide Complex's 192 
headwall region, with well-exposed scarps (Figs. 3a and b). The upper headwall is located at water 193 
depths between 1800 m and 2100 m, where slope gradients range from 4° to 23° (Fig. 2a). The 194 
heights of the headwall scarps range from 20 m to 100 m. Two interpreted sidewall scarps show a 195 
SE-NW direction. Sidewall scarps are steep with gradients of 7°-18° and have heights of 47 m to 86 196 
m, cutting into well-stratified strata (Figs. 2a, 4b and 5b). 197 
Three glide planes rooted at different stratigraphic depths, but all parallel to stratigraphy, are 198 
observed on both the bathymetric and Parasound data (Figs. 3a, b and 4b). These glide planes, GP I, 199 
GP II and GP III, are located ~ 100 m, ~50 m and ~20 m below the surrounding undisturbed 200 
seafloor, respectively (Fig. 4b). The three glide planes are separated by steep scarps and seem to be 201 
planar with only a few undulations (Figs. 3a and b). On the Parasound profiles, a thin layer (~10-15 202 
m) of slide deposits characterised by chaotic reflections is separated from underlying stratified 203 
sediments by the glide planes (Figs. 4a, b, 5b and c).  204 
 205 
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4.1.2 Plateaus and slide lobes 206 
 207 
Two large plateaus are imaged on the interpreted dataset, enclosed in the central part of the 208 
study area. In this work, we named them Plateau I and Plateau II (Figs. 2, 3a and b). Plateau I is 209 
located in the northeastern part of the study area. It has an average length of 7 km and an average 210 
width of 4 km. Plateau II is located in the southeastern part of the study area, and has an average 211 
length of 14 km and an average width of 6 km. The height of Plateaus I and II is approximately 30 212 
m above the level of GP I. The morphology of both plateaus reveals the presence of several slide 213 
blocks.  214 
Slide lobes are defined as individual or group of mass movements based on the definition in the 215 
development model of the Storegga Slide (Haflidason et al., 2004). Two slide lobes are visible in 216 
the upper headwall on the side-scan sonar mosaic (Fig. 6). One lobe is located in the south of the 217 
headwall while another one is located on the northwestern part of Plateau I. 218 
 219 
4.1.3 Hummocky topography with slide blocks 220 
 221 
Slide blocks are widespread in the upper headwall and particularly found in the areas above GP 222 
I and II (Fig. 3). The deposits show a characteristic hummocky morphology especially in the lower 223 
part of the GP I area (Fig. 3c). In contrast, the upper part of the GP I area is relatively smooth (Figs. 224 
3a and b). The slide blocks can also be identified from Parasound profiles crossing the lower part of 225 
GP I (Fig. 5c). The diameter of the imaged blocks reaches a maximum of 500 m and a maximum 226 
height of 35 m (Fig. 3c). 227 
 228 
4.2 Acoustic facies 229 
 230 
Side-scan sonar data provide a detailed image of seafloor morphology and texture in the upper 231 
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headwall of the Sahara Slide Complex (Figs. 6 and 7). Based on the variations in backscatter 232 
character, we defined four different types of acoustic facies.  233 
 234 
4.2.1 Facies 1: Smooth, medium backscattering seafloor 235 
 236 
Facies 1 is characterised by homogenous medium backscatter values (Figs. 6 and 8a). Facies 1 237 
is mainly located in regions of undisturbed slope strata, upslope of imaged headwall scarps (Fig. 7), 238 
where stratified slope sediments are imaged on sub-bottom profiler data (Figs. 6 and 8b). We 239 
interpret these areas as undisturbed deposits consisting of fine-grained hemipelagic slope sediments.  240 
 241 
4.2.2 Facies 2: Medium to high backscattering seafloor with slight variations in backscatter 242 
 243 
Facies 2 is characterised as smooth, medium to high backscatter seafloor, which shows slight 244 
variations in backscatter strength. It is mainly distributed on GP I and II (Figs. 6 and 7). Facies 2 is 245 
interpreted to be associated with the presence of smooth glide planes, over which sediments were 246 
evacuated. Minor variations in backscatter strength indicate the presence of thin slide deposits. Sub-247 
bottom profile data crossing Facies 2 also shows the seafloor as a relatively smooth, regular surface 248 
(Fig. 4a). 249 
 250 
4.2.3 Facies 3: Sediment ridges 251 
 252 
Facies 3 shows alternating high and low backscatter values, highlighting the presence of 253 
elongated topographical highs parallel to the headwall (Figs. 8a and 9a). These features are irregular 254 
and of variable sizes, with their length varying from a few tens of meters to several kilometers. 255 
Most of these elongated features are observed on the seafloor above GP II and GP III in the 256 
southeastern and northeastern part of the upper headwall area, respectively (Figs. 6 and 7). 257 
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Facies 3 is interpreted as comprising sediment ridges, based on their distribution and morphology. 258 
Their orientations are parallel to the headwall. The dimension of sediment ridges in the northeastern 259 
part of the study area is relatively small when compared to the region to the southeast of the upper 260 
headwall (Figs. 8a and 9a). In the southeast part of the upper headwall, sediment ridges can be more 261 
than 1 km in length (Fig. 9a). Facies 3, thus, can be further divided into two subfacies, i.e.: Facies 262 
3a and b, based on the dimensions of the ridges. Facies 3a represents the area with small-scale 263 
sediment ridges and Facies 3b indicates the area with large-scale sediment ridges. The sediment 264 
ridges show a closer spacing in the areas nearest to the headwall while their sizes and spacing 265 
increases downslope (Fig. 9a).  266 
 267 
4.2.4 Facies 4: Slide blocks and basal striae 268 
 269 
Facies 4 is observed over GP I and GP II (Figs. 6 and 7). Slide blocks are imaged as high 270 
backscatter areas with shadow zones and are widespread on GPI and GPII (Figs. 6 and 10a). The 271 
size of the slide blocks varies greatly, ranging from 500-m long features to smaller blocks <40 m in 272 
length. Blocks of Facies 4 are identified in sub-bottom profiler data as a hummocky sea floor (Fig. 273 
10b). Facies 4 can be further subdivided into Facies 4a, areas dominated by small slide blocks <40 274 
m, and Facies 4b, areas dominated by large slide blocks >40 m.  275 
Facies 4 also includes striations, which are elongate areas (stripes) of smooth backscatter 276 
surrounded by slide blocks (Fig. 6). Usually the striations show slightly higher backscatter values 277 
compared to the background backscatter values of the immediate surrounding (Figs. 6 and 10a). The 278 
striations are interpreted as load casts formed by moving slide blocks, which eroded the glide plane 279 
through large distances to form elongate basal striations. The NW-SE orientation of these basal 280 
striations suggests a predominant direction of mass movement to the northwest, away from the 281 
headwall (Fig. 10a), which is consistent with the direction of the maximum slope gradient. 282 
 283 
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4.3 Volume estimation of the mass movements 284 
 285 
Estimations of the affected area and involved volume of the mass movements are critical for the 286 
assessment of the tsunamigenic potential of submarine mass movements (Watts et al., 2005). The 287 
hazard potential usually increases with the volume of the mass movements as the amplitude of 288 
tsunamis that were generated by landslides is mainly controlled by the size, initial acceleration, 289 
maximum velocity and pathway of the displaced mass movements (Harbitz et al., 2006).  290 
As the bathymetry data do not have a full coverage of the upper headwall, we can only provide 291 
a minimum value for the area of the upper headwall of 1700 km
2
. GP I has a seafloor area of 1485 292 
km
2
. GP II covers a total area of 130 km
2
, including Plateau I of 25 km
2
, Plateau II of 75 km
2
 and 293 
the area affected by large-scale sediment ridges of 30 km
2
. GP III has an area of 85 km
2
 in the 294 
northeastern part (affected by small-scale sediment ridges) of the upper headwall. The total volume 295 
of the involved mass movements within the upper headwall is 150 km
3
. The volumes of the 296 
removed sediments on GP I, II and III are approximately 140 km
3
, 7 km
3
 and 3 km
3
, respectively. 297 
The volumes of missing sediments for GP I and II are relatively accurate because they are fully 298 
covered by bathymetric data, although we cannot be sure on the pre-failure morphology. The 299 
volume of missing sediments above GP I is a minimum estimate because the bathymetry indicates 300 
that the evacuation zone continues further downslope, beyond the limit of our data coverage.   301 
 302 
4.4 Timing of the mass movements 303 
 304 
In total, ten gravity cores were taken in the headwall. Nine of the ten cores were taken beneath 305 
the headwall (Fig. 2a). They all contain typical debrite deposits dominated by clasts. An undisturbed 306 
drape on top of the slide deposits is absent or very thin (< 5 cm). The only core with an undisturbed 307 
drape thick enough for AMS 
14
C-dating was gravity core (P395-07-1, Figs. 2a and 11). Core P395-308 
07-1 shows a distinct thin (<5 cm) sedimentary drape and underlying debris (Fig. 11). The core did 309 
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not reach the glide plane. The sedimentary drape contains well-oxidised sediment (beige-pink 310 
foraminifera-bearing mud). The sample at 3 cm bsf in P395-07-1 indicates an age of 1840 ± 23 BP 311 
(Fig. 11). The sample in Core P395-07-1 is taken about 1 cm above the slide deposits.  312 
In order to simplify the calculation of the landslide age at the location of Core P395-07-1, the 313 
sedimentation rate is assumed linear from the seafloor to the sample location. The sedimentation 314 
rate in Core P395-07-1 above the sample location would only be ~2 cm/ka. A sedimentation rate of 315 
~2 cm/ka is significantly lower than those documented in previous studies from nearby areas (~5 316 
cm/ka on average after, Bertrand et al., 1996; Weaver et al. 2000; Georgiopoulou et al., 2009). The 317 
most likely explanation for this discrepancy is that surface sediments were lost during gravity 318 
coring. We consider the average sedimentation rates of 5 cm/ka as more reliable as they are based 319 
on coring techniques preserving the original surface. Therefore, we use the average value (5 cm/ka) 320 
of sedimentation rate for calculating the slide ages. The Dsf is 1 cm in the sample taken from Core 321 
P395-07-1 (Fig. 11) and the age correction is 0.2 ka assuming the sedimentation rate of 5cm/ka. 322 
Hence, the age of the slide deposits at the location of Core P395-07-1 is ~ 2 ka. 323 
Previous studies of the distal Sahara slide deposits revealed an age of ~50-60 ka (Gee et al, 324 
1999; Georgiopoulou et al., 2010). However, Georgiopoulou et al. (2009) reported a much younger 325 
collapse in the headwall of Sahara Slide with an estimated age of ~2.5 ka by considering 13 cm of 326 
the in situ hemipelagic sediments and a sedimentation rate of ~5.3 cm/ka (Bertrand et al., 1996). 327 
This age is in good agreement with our result (2 ka) for Core P395-07-1, where the slide event 328 
occurred on GP III. 329 
 330 
5. Discussion 331 
 332 
5.1 Types of mass movements at the headwall of the Sahara Slide Complex 333 
 334 
Differences in morphology in the GP I, II and III areas indicate distinct mass-movement types 335 
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(Figs. 3 and 6) which commonly occurs as documented by previous studies (Micallef et al., 2007; 336 
Baeten et al., 2013). The elongate ridges and troughs indicate widespread extension taking place, 337 
leading to spreading. Spreading has a characteristic morphology, with repetitive ridges and toughs 338 
oriented parallel to scarps and perpendicular to the direction of mass movement (Micallef et al., 339 
2007; Baeten et al., 2013). Spreading is a common and pervasive type of mass movement, which 340 
has been identified (among others) in the Ormen Lange area of the Storegga Slide (Kvalstad et al., 341 
2005; Micallef et al., 2007), the Hinlopen Slide area (Vanneste et al., 2006), the St Pierre Slope 342 
(Piper et al., 1999) and the slope offshore Mauritania (Krastel et al., 2006). At the upper headwall of 343 
the Sahara Slide Complex, the morphology of flat-topped glide planes, with no or very little debris 344 
remaining on them, and internal architecture showing glide planes parallel to the stratigraphy, reveal 345 
that translational sliding also took place which commonly occurs along a planar failure surface, 346 
with little rotation or backward tilting (Varnes, 1978). Translational slides often disintegrate into 347 
debris flows. This is also observed for the Sahara Slide Complex, where elongated ridges 348 
disintegrate into blocks of decreasing size downslope, leading to full transformation into debris flow 349 
and turbidity currents (Georgiopoulou et al., 2009). Many submarine landslides identified on the 350 
continental margins are translational in nature and developed retrogressively in multiple episodes of 351 
slope failure, e.g. the Hinlopen Slide (Vanneste et al., 2006), the Mauritania Slide Complex (Krastel 352 
et al., 2006) and the Storegga Slide (Haflidason et al., 2004). We believe similar processes took 353 
place in the Sahara Slide Complex. 354 
Spreading mainly occurred in the northeastern (along GP III) and southeastern (along GP II) 355 
parts of the upper headwall, where multiple sediment ridges are observed. The size of sediment 356 
ridges vary between GP II and III, with ridges being smaller on GP III compared to GP II to the 357 
southeast (Figs. 8a and 9a). Due to the lack of deeper sediment samples, we cannot address the 358 
specific reasons for these differences. The scale of the sediment ridges has been proposed to be 359 
controlled by several factors, including gravitationally induced stress, angle of internal friction of 360 
the sediment, pore pressure escape, and friction (Micallef et al., 2007).  361 
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Translational sliding occurred mainly in the central part of the slide scar on GP I and on two 362 
large plateaus along GP II (Figs. 6 and 7). These areas are mainly characterised by widespread 363 
sediment blocks and elongated striations (Fig. 10a). Sediment blocks likely result from the 364 
disintegration of failed strata. GP I and II are located at two different stratigraphic levels, but 365 
present similar morphology, i.e. widespread sediment blocks and basal striations (Figs. 6 and 10a), 366 
indicating loading from translational slide blocks passing over GP I and II (Fig. 10a). This 367 
observation provides solid evidence that mass movement processes on GP I and II are somewhat 368 
similar. The translational sliding on GP I and II may represent "fast sliding" of failed slope deposits, 369 
resulting in numerous slide blocks and striations, while relative "slow sliding" (i.e. spreading) took 370 
place above GP III and small parts of GP II, forming detached sediment ridges. 371 
In addition, crown cracks are visible in undisturbed strata behind the upper headwall (Figs. 8a 372 
and 9b). A secondary crown crack is identified ~430 m away from the headwall to the southeast 373 
(Fig. 9a). It has a length of 545 m and a width of 51 m (Fig. 9b). The cracks suggest the presence of 374 
sediment slabs, highlighting the preferential region for future translational sliding (Laberg et al., 375 
2013). The presence of cracks may also indicate the ongoing mass movement and continuous state 376 
of instability of the slope. 377 
 378 
5.2 Evidence for multiple slope failures 379 
 380 
The upper headwall of the Sahara Slide shows a complex morphology in bathymetric and side-381 
scan sonar data (Figs. 2a and 6). The exposed headwall scarps and the lack of slide debris close to 382 
the headwall scarps indicate that the upper headwall has been evacuated (Fig. 2a). The complex 383 
morphology provides strong evidence that the formation of the upper headwall underwent multi-384 
stage failure events. These events are results of two different types of mass movements that 385 
occurred in the upper headwall; translational sliding and spreading. We interpret spreading in the 386 
GP I area as a direct consequence of translational sliding further downslope due to the lack of 387 
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support from removed sediments. This is a clear evidence that retrogressive failure formed the 388 
upper headwall of the Sahara Slide Complex.  389 
The relationship between the upper and lower headwalls, however, remains unclear as no age 390 
data and detailed acoustic data are available for the latter region. The distal deposits of the Sahara 391 
Slide are dated at 50-60 ka (Gee et al., 1999; Georgiopoulou et al., 2010), a date much older than 392 
the age estimated for the upper headwall, presented in this study. A plausible explanation for this 393 
discrepancy in ages is that the lower headwall may have been formed in association with the 50-60 394 
ka failure event, whereas the upper headwall is the result of a much younger instability. Sparse 395 
sediment echo sounder data suggest younger failures of the upper headwall compared to the lower 396 
headwall. In this case, we would consider slope failure of the upper and lower headwalls as 397 
independent events due to the long time spanning these two events. The observed distance of ~50 398 
km between the two headwalls is also unusually large for a retrogressive failure (e.g. Imbo et al., 399 
2003; Locat et al., 2009; Baeten et al., 2013). An alternative explanation is that both headwalls were 400 
formed 50-60 ka ago, and the younger failure of the upper headwall represents a phase of 401 
reactivation of this latter area. This would imply that failure of both headwalls is somewhat related, 402 
but more data is necessary to investigate this hypothesis. 403 
 404 
5.3 Possible preconditioning factors and triggers for slope instability at the upper headwall of 405 
the Sahara Slide Complex 406 
 407 
 Various preconditioning factors have been proposed as promoting failures on the 408 
continental margins, including high sedimentation rates (Leynaud et al., 2007) and the presence of 409 
weak layers (Baeten et al., 2014). Recent modeling results from Urlaub et al. (2015) suggest that 410 
sedimentation rates in the Sahara Slide area (~5 cm/ka) are insufficient to destabilise the slope. 411 
Weak layers were defined by Locat et al. (2014) as sediment layers that have lower strength 412 
compared to adjacent units, and can provide a potential focus for the development of a surface of 413 
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rupture. The presence of weak layers have been considered as an important preconditioning factor 414 
for the generation of submarine landslides in several regions, such as the slopes at Finneidfjord, 415 
northern Norway (L’Heureux et al., 2012), and the Mauritania Slide area (Antobreh and Krastel, 416 
2007). Slope failure in the upper headwall of the Sahara Slide Complex occurred along three 417 
pronounced and widespread glide planes; we consider this observation as evidence for the presence 418 
of weak layers in different stratigraphic depths. However, we do not know the composition of these 419 
layers due to missing sediment samples. 420 
One possibility could be the presence of sediment layers with particularly high 421 
compressibilities as it has been proposed to play a vital role for the instabilities offshore northwest 422 
Africa (Urlaub et al., 2015). Organic-rich sediments typically have high compressibilities (Booth 423 
and Dahl, 1986; Bennett et al., 1985). Indeed, the study area is affected by a strong upwelling 424 
system driven by the Northeast Trade Winds (Cropper et al., 2014), which results in high primary 425 
productivity and the deposition of organic-rich sediments. This upwelling system typically reached 426 
its maximum productivity during deglaciations (Bertrand et al., 1996), which may explain the 427 
different stratigraphic depths of the glide planes.  428 
The evidence for multiple slope instability features suggests the recurrent achievement of 429 
failure conditions, implying the presence of a recurrent trigger. Seismicity is a plausible recurrent 430 
trigger, which may have facilitated the observed mass-wasting processes (Leynaud et al., 2009). 431 
The Canary Islands and surrounded areas are presently seismically active, characterised by small 432 
and medium-size earthquakes (Ibáñez et al., 2012). The study area is ~300 km away from the 433 
Canary Islands and earthquakes associated with the nearby Canary Islands might be a triggering 434 
mechanism for the slide events in the upper headwall of Sahara Slide. Thus, we conclude that the 435 
presence of weak layers consisting of a particular sediment type is the main potential 436 
preconditioning factor, but the final triggering of the failures remains speculative. 437 
 438 
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5.4 Timing of the failure and implications for geohazard assessment 439 
 440 
Several authors have discussed potential relationships between sea level and landslide 441 
frequency (Maslin et al., 2004; Owen et al., 2007; Lee, 2009; Leynaud et al., 2009; Urlaub et al., 442 
2013). Based on a compilation of available ages for landslides on the Atlantic Ocean margin, Lee 443 
(2009) stated that the continental margin is relatively stable at present times, partly related to the 444 
stable sea level. Only 2-3 landslides are documented during the past 5000 years, the frequency of 445 
landslide occurrence for this period is less by a factor of 1.7 to 3.5 compared to the time of sea-level 446 
rise after the last glaciation. Major landslides off Northwest Africa were also related to periods of 447 
low or rising sea level (Krastel et al., 2012). The distal deposits of the Sahara Slide are dated at 50-448 
60 ka before present, which was during a period of rising sea level (Gee et al., 1999; Georgiopoulou 449 
et al., 2007).  450 
A link between sea level and landslide frequency, however, is negated by Urlaub et al. (2013) 451 
based on a statistical analysis of a global compilation of available ages for large (>1 km
3
) 452 
continental margin landslides. Urlaub et al. (2013) stated that the global data set did not show 453 
statistically significant patterns, trends or clusters in landslide abundance but they note that 454 
significantly fewer events occurred in the past 6 ka. Urlaub et al. (2013) also analysed landslides at 455 
the Northwest African continental margin as subset of the global data set concluding that ages are 456 
nearly evenly distributed without any clustering or increased frequency. Our study shows that the 457 
failure of the upper headwall of the Sahara Slide is only ~2 ka old. Admittedly, this age is based on 458 
a single core but it is supported by the fact that numerous gravity cores taken at different locations 459 
beneath the headwall did not recover any drape on top of slide deposits, so we consider the result 460 
reliable, especially as it agrees with Georgiopoulou et al.’s (2009) result. Small portions of the drape 461 
may have been lost during coring, but the missing drape suggests a similarly young age for the 462 
entire failure of the upper headwall area during a period of constantly high sea level. This 463 
interpretation is further supported by the occurrence of debrite deposits of a similar age up to 250 464 
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km downslope of the headwall and an associated turbidite extending for more than 700 km 465 
(Georgiopoulou et al., 2009). Georgiopoulou et al. (2009) suggest that the linked turbidite-debrite 466 
bed formed during the recent failure of the Sahara Slide headwall. 467 
To our knowledge, this failure would be by far the youngest (2 ka) failure with a failure volume 468 
exceeding 100 km
3 
in the recent past. Volumes of more than 100 km
3
 were also reported for the 469 
1929 Grand Banks event but these estimates are based on the deposits; no obvious evacuation area 470 
is visible in the source area of the Grand Banks landslide (Piper and Aksu, 1987; Mosher and Piper, 471 
2007), whereas the volume estimations for the upper Sahara Slide headwall are calculated based on 472 
the evacuated volume. 473 
The failure of the upper headwall of the Sahara Slide Complex most likely occurred in several 474 
retrogressive stages over a period of hours or even months, a character considered to assess its 475 
tsunamigenic potential. Tsunamigenic potential in the Sahara Slide would be larger if the slide 476 
events occurred simultaneously, compared to the case of retrogressive landslides (Harbitz et al., 477 
2014). A key observation in the study area is that missing volumes on top of individual glide planes 478 
are large (> 100 km
3
). Relatively small failures in the past have triggered significant tsunamis. In 479 
the case of the 1998 event at Papua New Guinea, Tappin et al. (2001) concluded the tsunami, which 480 
resulted in the deaths of over 2000 people, was a direct result of a slump with an estimated volume 481 
of 5-10 km
3
. The 11,500-year BP BIG’95 landslide detected in the Mediterranean Sea involved a 482 
total volume of 26 km
3
 (Lastras et al., 2004; Urgeles et al., 2006). Even such failures with small 483 
volume landslide deposits may cause catastrophic tsunamis based on the recent tsunami simulations 484 
(Løvholt et al., 2013). Modelling of the 165 km
3
 Currituck landslide (Locat et al., 2009), also 485 
revealed potential for a devastating tsunami (Geist et al., 2009). The volumes of the removed 486 
sediments on GP I, II and III in the upper headwall of Sahara Slide are approximately 140 km
3
, 7 487 
km
3
 and 3 km
3
, respectively. It is unlikely, that the failure on top of GP III occurred as a single 488 
event, but the examples above show that individual failures of the Sahara Slide complex were large 489 
enough to present a significant tsunamigenic potential, even if occurring in relatively large water 490 
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depths (~2000 m). In addition, Georgiopoulou et al. (2009) observed turbidite deposits up to 700 491 
km downslope of the Sahara Slide headwall. They interpret this turbidite to have formed by recent 492 
failure of the Sahara Slide headwall; either by the near-simultaneous generation of a debris flow and 493 
turbidity current, or by entrainment of water into the debris flow leading to the generation of 494 
turbidity current. These processes and the long runout distance of the turbidity current suggest a 495 
relatively fast moving landslide body, as do our own observations of the long basal striations in the 496 
headwall. High flow velocities have high tsunamigenic potential (Harbitz et al., 2006). Such an 497 
observation, in combination with the young age of the failure, calls for a reassessment of landslide 498 
hazards along the Northwest African continental margin, estimated to be low in previous studies 499 
(Lee, 2009). However, such a reassessment is beyond the scope of this manuscript. 500 
 501 
6. Conclusions 502 
 503 
A combination of high-resolution bathymetry, side-scan sonar, sub-bottom profiler data, and 504 
sediment cores allowed to reconstruct the failure behavior of the upper headwall of Sahara Slide 505 
Complex on the continental margin offshore NW Africa. The main conclusions of this study are: 506 
(1) The upper headwall was evacuated, and several morphological elements (e.g., slide scarps, 507 
glide planes, plateaus, lobes and slide blocks) are identified on the modern seafloor. The volume of 508 
the evacuated area exceeds 150 km
3
. 509 
(2) The morphology and configuration of the upper headwall is the result of multiple failure 510 
events probably occurring mainly as spreading and translational sliding on three different glide 511 
planes retrogressively. The presence of weak layers of a distinct sediment type is considered as the 512 
main preconditioning factor. 513 
(3) The slide processes on glide plane I and II record the generation of disintegrated slide 514 
blocks of different scales and basal striations, indicating "fast sliding". In contrast, the slide 515 
processes on glide plane III were mainly characterised by spreading resulting in widespread 516 
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sediment ridges, troughs and cracks upslope (in the unfailed strata) as relative "slow sliding". 517 
(4) The upper headwall of the Sahara Slide Complex was active (or reactivated) only 2 ka BP 518 
during times of a stable sea level high stand. The failure may be the largest of Holocene failures 519 
worldwide. The young age in combination with the large volume calls for a reassessment of the 520 
slope instability and the tsunamigenic potential along the margin offshore Northwest Africa and 521 
other continental margins that are considered currently stable. 522 
(5) Crown cracks indicate the slope may not be at equilibrium and instability may still be 523 
ongoing. 524 
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Figure Captions 719 
 720 
Fig. 1 Combined bathymetric and topographic map highlighting the distribution of the Sahara Slide 721 
Complex, which is marked in yellow (modified after Wynn et al., 2000; Georgiopoulou et al., 2010). 722 
Key bathymetric and structural features include the Saharan Seamounts to the west of the Sahara 723 
Slide, and the Canary Islands to the north of the study area. The red box represents the precise 724 
location of the study area. Bathymetric contours are shown as black solid lines with intervals of 725 
1000 m. 726 
 727 
Fig. 2 (a) Multi-beam bathymetric map of the headwall of the Sahara Slide Complex. The map 728 
highlights the presence of a complex headwall and associated sidewall scarps. The black boxes 729 
show the locations of the illuminated perspective views in Fig. 3. Interpreted side-scan sonar 730 
mosaics are outlined by the blue box (see detail in Fig. 6). The black solid lines indicate the 731 
Parasound profiles used in this study (Figs. 4a, b and 5a). Contours are shown at intervals of 200 m. 732 
The red circles represent the locations of sediment cores acquired during Cruise P395. (b) Profile A-733 
A' (see location in Fig. 2a) illustrates the locations of the upper and lower headwall; each one with a 734 
height of ~100 m. 735 
 736 
Fig. 3 3D views of the upper headwall of the Sahara Slide. See Fig. 2 for location of the 3D views. 737 
(a) Northeastern part of the upper headwall showing key morphological features including headwall 738 
scarps, glide planes (GP I, GP II and GP III) and Plateau I. (b) Southeastern part of the upper 739 
headwall showing headwall scraps, sidewall scarps and glide planes (GPI, GPII and GP III). (c) 740 
Central part of the upper headwall showing multiple sediment blocks and erosive channels. 741 
 742 
Fig. 4 (a) Parasound profile crossing the upper headwall towards the distal part of the Sahara Slide. 743 
The zoomed section reveals stratified sediments separated by a glide plane from slide deposits 744 
 29 
above. (b) Along-slope Parasound profile crossing the upper headwall showing a sidewall scarp, 745 
and Plateaus I and II. Three different glide planes (GP I, II and III) are highlighted in the figure by a 746 
yellow dashed line. The locations of the profiles are shown in Fig. 2. 747 
 748 
Fig. 5 (a) Parasound profile crossing a more distal region of the upper headwall of the Sahara Slide 749 
Complex, along the continental slope. The profile shows well-developed sidewall scarps and 750 
numerous slide blocks. (b) Zoomed section imaging slide deposits over two distinct glide planes. 751 
The yellow dashed line highlights the position of the glide plane. (c) Zoomed section revealing the 752 
slide deposits and the underlying undulated glide plane. Location of profile is shown in Fig. 2. 753 
 754 
Fig. 6 Side-scan sonar mosaic on the upper headwall of the Sahara Slide Complex. Dark colors 755 
represent areas of high backscatter. Four different acoustic facies, two lobes and plateau I, II are 756 
indicated in the mosaic. The white boxes highlight the zoomed sections in Figs. 8a, 9a and 10a. 757 
 758 
Fig. 7 Interpretation map of side-scan sonar data highlighting the distribution of four acoustic facies 759 
in the upper headwall of Sahara Slide Complex. 760 
 761 
Fig. 8 (a) Side-scan sonar data of the northern part of the upper headwall showing acoustic Facies 1 762 
and 3a. Dark colors represent areas of high backscatter. See Fig. 6 for location of the mosaic. 763 
Multiple cracks are observed near the headwall. (b) Sub-bottom profile revealing the morphology of 764 
ridges and troughs. A high-amplitude reflection represents GP III.  765 
 766 
Fig. 9 (a) Side-scan sonar data of the southern part of the upper headwall showing the morphology 767 
of large-scale sediment ridges. A crown crack is identified in stratified (slope) sediments south of 768 
the headwall scarp. Dark colors represent areas of high backscatter. See Fig. 6 for location of side-769 
scan sonar mosaic. (b) Zoomed section showing the morphology of the crown crack located south 770 
 30 
of the headwall. The crown crack has a length of ~ 550 m and a width of ~50 m. (c) Sub-bottom 771 
profile illustrating ridges, troughs and the headwall of the Sahara Slide Complex. 772 
 773 
Fig. 10 (a) Side-scan sonar data of the central part of the study area, downslope from the upper 774 
headwall, showing multiple slide blocks and striae. Prominent isolated blocks are located at the 775 
termination of the striae. Dark colors represent areas of high backscatter. See Fig. 6 for location of 776 
the image (b) Sub-bottom profile showing the striae referred to in the text, which are surrounded by 777 
blocky deposits. 778 
 779 
Fig. 11 Photo and schematic illustration of sediment core P395-07-1 (see Fig. 2 for location of the 780 
sediment core). Black solid dot in core P395-07-1 represents the position of AMS 
14
C-age dating 781 
sample, 3 cm below seafloor (bsf), with its corresponding (and calibrated) age. Note the distance 782 
from sample location to the boundary between Holocene drape and debris, which is 
~
1 cm. 783 
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